Intraoperative ultrasonography (IOUS) has been widely utilized in hepatic surgery both as a diagnostic technique and in the course of treatment. Since IOUS involves direct-contact imaging of the target organ, it can provide high spatial resolution without interference from the surrounding structures. Therefore, IOUS may improve the detection, characterization, localization, and local staging of hepatic tumors. IOUS is also a real-time imaging modality capable of providing interactive information and valuable guidance in a range of procedures. Recently, contrast-enhanced IOUS, IOUS elastography, and IOUS-guided hepatic surgery have attracted increasing interest and are expected to lead to the broader implementation of IOUS. Herein, we review the various applications of IOUS in the diagnosis and management of focal hepatic lesions.
Introduction
Intraoperative ultrasonography (IOUS) is considered to be one of the most sensitive imaging modalities for assessing small focal lesions in the liver, and can affect the choice of surgical strategy and lead to greater oncological radicality [1] [2] [3] .
During hepatic surgery, IOUS is usually performed after partial hepatic mobilization with incision of ligaments as occasion demands. Hepatic mobilization is important to ensure that the lesion is accessible and that the liver is scanned to a satisfactory extent [4] , although hepatic mobilization can substantially distort the hepatic anatomy, which can make it difficult for inexperienced radiologists to correctly perceive the relative anatomy. In general, IOUS of the liver is performed by placing the ultrasound probe directly on the surface of the liver, meaning that there is no risk of image quality degradation due to overlying structures such as subcutaneous fat, bowel gas, or the ribs. Thus, unlike in routine transabdominal ultrasonography, ultrasound probes with relatively high frequencies (5-10 MHz) can be used in IOUS [4, 5] . Moreover, dedicated transducers, such as I-shaped or flat T-shaped linear probes, are preferred to conventional linear probes in IOUS, because they can easily be inserted into deep regions, allowing nearly the entire liver to be scanned, including the hepatic dome and the right lateral portion [6] . However, convex probes with lower frequencies are also useful in IOUS, because they provide an overall view of the liver along with comprehensive information about the relationship between hepatic focal lesions and other structures, such as major vessels and adjacent organs [7] . Therefore, depending on the primary indications for IOUS, it is necessary to choose different types of probes or combinations thereof in IOUS. For example, when evaluating whether additional hepatic focal lesions are present that were not found in preoperative imaging studies, it may be appropriate to begin exploring the liver with a convex probe that has a lower frequency, because the overall visibility of the liver is essential. When localizing preoperatively detected hepatic focal lesions with IOUS, anatomical shift during surgery may make it difficult to find the target lesion. In order to identify the target lesion, it can be helpful to use a lower-frequency probe to explore a wide scanning area, including anatomical landmarks such as the hepatic vessels and/or non-target lesions that are close to the target lesion and easy to find, such as cysts. After identifying the target lesion, it may be useful to change to a linear probe with higher frequency, which provides a high spatial resolution that allows the detailed characterization of the lesion.
Furthermore, IOUS provides real-time imaging capabilities, and thus, under IOUS guidance, it is possible to perform intraoperative diagnostic and therapeutic procedures for focal hepatic lesions [4] . For example, if IOUS identifies a questionable hepatic lesion, a timely confirmative diagnosis is sometimes necessary to assess the resectability of the extrahepatic malignancy and to determine the extent of hepatic resection, which can be accomplished using IOUSguided biopsy [6, 8] . IOUS-guided therapeutic procedures for liver tumors include ethanol ablation, radiofrequency ablation (RFA), and microwave ablation (MWA). Previous studies have shown that a combination of IOUS-guided tumor ablation with hepatic resection can, in fact, extend the limits of hepatic surgery [9] [10] [11] . In this article, we examine the current role of IOUS in the field of hepatic surgery and review the clinical applications of IOUS in the diagnosis and management of focal hepatic lesions.
Clinical Applications of IOUS for Focal Hepatic Lesions
IOUS is useful during hepatic surgery for primary or secondary malignancies because it facilitates the improved detection and characterization of tumors and can be used to localize the target lesion and guide intraoperative procedures [12] [13] [14] . The role of IOUS has been evaluated most intensively in patients with colorectal liver metastases (CRLM) and hepatocellular carcinoma (HCC), in comparison to other types of liver lesions. This is because these disease entities are common hepatic malignancies that can be candidates for liver resection, and the intraoperative detection and local treatment of these lesions can have a major impact on the choice of surgical strategy [15, 16] . Liver metastases are common in patients with colorectal cancer at the time of diagnosis and/or after resection of the primary cancer [17] . However, unlike hepatic metastases of many other types of cancers, the presence of CRLM does not preclude curative treatment in patients with colorectal cancer [18] . In the treatment of CRLM, the surgical resection of all macroscopically visible disease remains the gold standard and has been shown to result in improved longterm survival [18] . In addition, local tumor ablation alone or ablation combined with surgical resection has been demonstrated to achieve local tumor control even in patients with unresectable disease [19] . Therefore, the intraoperative detection and/or localization of CRLM using IOUS can play a crucial role during hepatic surgery ( Fig. 1 ) [15] . Furthermore, recent chemotherapy regimens have been reported to have the potential to control CRLM and to make some cases of advanced CRLM resectable [17] . Another issue of note is the disappearance of CRLM after chemotherapy, as shown by a complete response on preoperative imaging. In a recent study, 66% of cases where CRLM disappeared on preoperative imaging were reported to represent a true complete response [20] . However, put another way, this figure suggests that residual disease may be present in 34% of cases where liver metastases have disappeared on preoperative imaging. For this reason, the intraoperative detection of lesions that were not found on preoperative imaging may help determine the most appropriate surgical strategy. Ferrero et al. [21] have reported that in patients with CRLM who showed a complete response on preoperative imaging, the majority of hepatic lesions that were detected with IOUS were pathologically found to represent residual disease, suggesting that lesions identified on IOUS should be treated. They also demonstrated that the nonvisualization of disappearing CRLM on IOUS was associated with pathologic complete response [21] .
HCC, which is the most common type of primary liver malignancy, is frequently associated with cirrhosis [22, 23] . During surgical resection which is the standard treatment option for HCC, in addition to achieving oncological radicality, attention should be also paid to preserve the liver parenchyma, because liver function in patients with cirrhosis is usually impaired and remnant liver volume is an important prognostic factor after resection [24] [25] [26] . Hepatic tumorectomy or local tumor ablation under IOUS localization and guidance can be performed in order to minimize the volume of the liver parenchyma removed, while still achieving oncological radicality. However, in cirrhotic livers, benign or borderline hepatocellular nodules associated with cirrhosis are common, and Ultrasonography 34 (4) are difficult to differentiate from HCC using gray-scale IOUS [27] [28] [29] . Contrast-enhanced IOUS (CE-IOUS) can be of use in the differential diagnosis of indeterminate nodules of this type and may help improve the detection rate of small HCCs [28] [29] [30] .
IOUS: Rival or Teammate of Preoperative Imaging?
Due to its high spatial resolution, IOUS is commonly regarded as the gold standard for the staging of liver tumors [13, 14] . Previous studies have also suggested that IOUS is superior to preoperative imaging modalities in identifying hepatic lesions in patients with primary or metastatic hepatic tumors [9, 31] . Furthermore, the detection of additional hepatic lesions has been observed to lead to changes in the surgical strategy in a widely varying range of cases (2.7%-49%) [1, 32, 33] . Conlon et al. [33] reported that in patients with hepatic metastases from colorectal cancer, IOUS identified additional hepatic lesions in 47% of patients compared to preoperative magnetic resonance imaging (MRI). In another study, D'Onofrio et al. [9] compared the diagnostic performance of IOUS in patients from two different time periods (2000-2003 vs. 2004-2006) , and demonstrated that IOUS was still useful in detecting unexpected hepatic metastases, despite improvements in preoperative imaging. In addition, several recent studies have demonstrated that IOUS is still superior to preoperative imaging in detecting CRLM, and that IOUS findings can have a substantial impact on the choice of surgical strategy [3, 34, 35] . Based on these results, it has been suggested that IOUS should be routinely employed during hepatic resection for colorectal metastases. However, further questions about the role of IOUS have recently emerged. Due to technical advances in imaging modalities and the development of new contrast media, the preoperative detection of focal hepatic lesions has improved, even for subcentimeter lesions [36] [37] [38] [39] [40] [41] . Thus, the value of IOUS in detecting unexpected focal hepatic lesions has decreased, as indicated by the results of several recent studies. For instance, Wagnetz et al. [32] reported that the sensitivities of multidetector computed tomography and MRI were equivalent or higher to that of IOUS in the identification of hepatic segments involved in hepatic malignancies, as well as having a higher predictive value for identifying tumor-free hepatic segments. Sahani et al. [42] also found MRI to be as sensitive as IOUS in the detection of focal hepatic lesions in patients with primary or metastatic liver tumors. Moreover, Kartalis et al. [43] reported that the performance of CE-IOUS in detecting tumors in patients with CRLM was no better than that of preoperative MRI.
Nevertheless, in certain aspects, IOUS is not an outdated imaging modality of diminishing significance, but an emerging tool of increasing importance. While the ability of IOUS to provide high spatial resolution has been largely obviated by recent advances in preoperative imaging, IOUS has a unique ability to provide realtime interactive information [4] . In fact, since preoperative imaging is able to detect an increasing number of focal hepatic lesions, the need for lesion localization is correspondingly greater, especially for lesions that are not palpable in the surgical field (Fig. 1) [37,39] . Furthermore, local treatment is increasingly necessary for focal hepatic lesions that are difficult to include in surgical resection procedures due to the distribution of the lesions or the impaired liver function of patients (Fig. 2) [44, 45] . Technical advances in imaging techniques that fuse different imaging modalities enable the information from preoperative imaging studies and IOUS to be combined, which may overcome the disadvantages of each modality. Therefore, the role of IOUS in combination with preoperative imaging for tumor localization and treatment may be even greater than ever before.
Contrast-Enhanced IOUS
Contrast-enhanced ultrasonography (CEUS) has been reported to increase both the sensitivity and specificity of the detection of focal hepatic lesions and to provide additional information that allows the better characterization of lesions compared to conventional grayscale ultrasonography [46, 47] . Second-generation contrast agents, such as SonoVue (Bracco, Milano, Italy) or Sonazoid (GE Healthcare, Oslo, Norway), are commonly used for the CEUS evaluation of focal hepatic lesions. Using these microbubble contrast agents, it is possible to obtain high lesion-to-liver contrast as well as realtime vascular phase images [48] . Since ultrasound contrast agents are pure intravascular contrast agents, the equilibrium phase of contrast-enhanced computed tomography (CT) or MRI does not exist on CEUS [46] . However, Sonazoid (perflubutane microbubble) allows the postvascular phase imaging (Kupffer-phase imaging) because this contrast agent is later taken up by Kupffer cells in the liver [49, 50] . Furthermore, the long duration of the Kupffer phase of Sonazoid-enhanced CEUS allows enough time to investigate the liver precisely [51] . The intraoperative implementation of CEUS (CE-IOUS) is expected to result in improved diagnostic performance for hepatic lesions by combining the advantages of IOUS and CEUS [16, 52] . CE-IOUS may provide superior detection and characterization of tiny hepatic lesions compared to gray-scale IOUS and preoperative imaging modalities (Fig. 3) , and therefore may increase the accuracy of tumor staging and the frequency of treatments with curative intent by affecting the extent of surgery or by facilitating additional local treatment [16, 52, 53] .
The timely detection and differential diagnosis of CRLM is crucial Ultrasonography 34(4), October 2015 e-ultrasonography.org A preoperative magnetic resonance image shows a 0.8-cm nodule (arrows) in segment VI of the liver as a hyperenhancement on the hepatic arterial phase (A), and as hypointensity on the hepatobiliary phase (B). C, D. Gray-scale intraoperative ultrasonography (IOUS) (C) was not able to find the non-palpable hepatic nodule detected on preoperative magnetic resonance imaging. However, in the Kupffer-phase images of contrast-enhanced IOUS using Sonazoid (D, same scanning plane as C), the nodule (arrows) is clearly distinguished from the background parenchyma as an area of hypoechogenicity. This lesion was pathologically confirmed as HCC. E. Immediate follow-up computed tomography shows that the tumorectomy was successful.
Ultrasonography 34(4), October 2015 e-ultrasonography.org for determining the extent of surgery, treatment planning, and the prediction of the patient's prognosis [54] . The use of contrast agents can improve the diagnostic performance of IOUS [15, 55, 56] , which is already regarded as one of the most sensitive tools for detecting CRLM [57] . Recent studies have demonstrated that the use of CE-IOUS in patients with CRLM may have an impact on surgical staging and management, as CE-IOUS can alter diagnoses initially made with gray-scale IOUS and identify additional lesions [15, 55, 56] . CE-IOUS may be a useful method for detecting lesions in cases of liver metastases that seem to disappear after chemotherapy, and therefore may lead to curative treatment [58] [59] [60] . A previous study by Arita et al. [60] reported that among 32 liver metastases that seemed to disappear after chemotherapy on preoperative imaging, 28 lesions were also invisible by gray-scale IOUS, while CE-IOUS using Sonazoid additionally detected 12 lesions including 11 cases of histologically confirmed residual metastasis. CE-IOUS is also a useful diagnostic tool during the surgical treatment of HCCs in cirrhotic livers [16] . CE-IOUS can, in fact, improve the accuracy of gray-scale IOUS, because CE-IOUS can detect isoechoic HCC nodules which cannot be shown on grayscale IOUS, as well as improving the characterization of cirrhotic nodules detected on gray-scale IOUS by obtaining dynamic contrastenhanced images and by obtaining Kupffer-phase imaging when using Sonazoid [28, 29] . Lu et al. [28] reported that CE-IOUS changed the surgical strategy in 35% of cirrhotic patients with HCC and helped avoid unnecessary treatment in 30% of patients in comparison to the results of gray-scale IOUS. In addition, Torzilli et al. [30] demonstrated that vascular enhancement patterns on CE-IOUS may assist in determining the surgical resection of IOUSdetected nodules. In another study using Sonazoid-enhanced IOUS for the differential diagnosis of HCC versus benign lesions, CE-IOUS findings of hypervascularity during the vascular phase or hypoechogenicity during the Kupffer phase were reported to show a higher accuracy than dynamic CT findings of arterial enhancement and washout during the later phases [29] . In addition, vascularphase and Kupffer-phase imaging using Sonazoid-enhanced IOUS has been suggested to be useful in estimating the histologic grade of HCC [61] . Moreover, Sato et al. [62] demonstrated that the vasculature patterns of HCCs on CE-IOUS were related to gene expression profiles, suggesting that CE-IOUS findings can be a useful indicator for predicting the prognosis of patients.
IOUS-Guided Procedures
IOUS is a useful guidance tool in intraoperative diagnostic and therapeutic procedures [4] . Since IOUS provides excellent spatial resolution with a good sonic window and intraoperative procedures can be performed from various planes and angles that may shift over the course of an operation, IOUS guidance has clear advantages over transabdominal imaging guidance procedures with regard to accessibility, especially in procedures involving deeply located lesions or lesions hidden by overlying structures [5, 63, 64] .
IOUS-guided biopsy has been reported to show high diagnostic accuracy and is considered a safe procedure [8, 65] . During hepatic surgery for primary or secondary malignancies, IOUS provides gray-scale and/or contrast-enhanced images that can identify additional but indeterminate focal hepatic lesions. Confirmation of these hepatic lesions is sometimes required because the pathologic diagnosis of hepatic lesions can affect the resectability of extrahepatic malignancies such as pancreatic adenocarcinoma, as well as influence the extent of hepatic resection [2, 6, 15, 52] . In addition, as we discussed earlier, recent advances in preoperative imaging have led to substantial improvements in the detection of subcentimeter liver lesions. In some cases, these lesions can be pathologically confirmed prior to surgery or intraoperatively, which may affect treatment planning [37, 39] . In cases of intraoperatively or preoperatively found but unconfirmed focal hepatic lesions with the potential to affect the choice of surgical strategy, a tissue sample of the indeterminate hepatic lesions can be obtained in the operating room using IOUS-guided core-needle biopsy or fine needle aspiration. Thereafter, a timely confirmative diagnosis can be made through histopathological examination [2] .
Intraoperative ethanol injection, RFA, and MWA by open surgical or laparoscopic approaches are frequently used for the local treatment of hepatic tumors [9] [10] [11] . These local therapies employ a range of basic mechanisms. In ethanol injection, the high concentration of ethanol causes dehydration and coagulation necrosis of the tumor [66] . In RFA, the thermal energy generated by high-frequency alternating currents induces coagulation necrosis [67] , and in MWA, thermal energy causes coagulation necrosis similarly to RFA, although MWA uses a different part of the electromagnetic spectrum [68] . Local treatment methods can be applied even in patients who are not candidates for surgical resection of hepatic malignancies due to the number or location of tumors, because their postresection liver would have a relatively small volume, or due to coexisting liver dysfunction such as cirrhosis or chemotherapy-related liver dysfunction [44, 45] . In addition, local ablation therapy for HCC may be an effective bridge in patients awaiting liver transplantation [69] . These treatments are performed under imaging guidance, most frequently using either percutaneous ultrasonography or IOUS. While percutaneous tumor ablation has advantages including being less invasive, involving less postprocedure pain, and resulting in a shorter hospital stay, intraoperative ablation has advantages over percutaneous procedures because it allows better accessibility to all areas of the liver [64, 70] . Therefore, laparoscopic or open surgical ablation can be an alternative treatment for liver tumors in locations that pose difficulties for the percutaneous approach, such as the caudate lobe [63, 71, 72] . Furthermore, intraoperative tumor ablation can be combined with simultaneous hepatic resection (Fig. 2) or the sequential ablation of tumors that recur after surgery, which extends the spectrum of liver surgery and improves oncological radicality [73] [74] [75] . In the majority of intraoperative therapeutic procedures of this type, IOUS is utilized as a guidance tool to localize the target lesion, to help avoid injuries to vessels, bile ducts, and adjacent organs, and to assess treatment efficacy and complications [70] . Previous studies have demonstrated that IOUS-guided ablation is a relatively safe, well-tolerated, and effective treatment option that can offer excellent local control of primary and metastatic liver tumors [19, 70, [76] [77] [78] . Recent studies have also reported that intraoperative RFA showed a local recurrence rate equivalent to surgical resection both in small size HCCs [72, 79] and CRLM [19, 76] , and that the outcomes of intraoperative MWA were comparable to those of intraoperative RFA for HCC treatment [80] .
Emerging Applications of IOUS
Ultrasound elastography, which is a noninvasive method of estimating the elastic properties of tissue, can be useful in characterizing liver tumors [81] [82] [83] . Several recent studies have evaluated the role of intraoperative real-time ultrasound elastography in the detection and characterization of focal hepatic lesions [84] [85] [86] . Omichi et al. [84] reported that IOUS elastography detected additional lesions in 8% of cases with an obscure contour on grayscale IOUS. The elasticity type of liver tumor, which is used to classify tumors according to the degree of strain of a tissue in comparison with the surrounding liver parenchyma, varies corresponding to the pathologic diagnosis [85] and has been reported to be helpful in distinguishing malignant tumors from benign tumors [84] and HCCs from metastatic adenocarcinomas [86] . Furthermore, IOUS elastography can be a valuable tool in monitoring local ablation treatment, because IOUS elastography provides realtime visualization of changes in tissue properties [87] . After the local ablation of liver tumors, IOUS elastography can provide an accurate gross estimation of the ablation zone by providing a more conspicuous boundary than can be obtained with gray-scale IOUS, thereby potentially improving the efficacy and safety of the procedure [88, 89] .
At present, virtual hepatic resection is increasingly performed preoperatively to ensure that an appropriate safety margin and the preservation of a sufficient amount of liver tissue are achieved, particularly in complicated operations or in patients with hepatic dysfunction [90] . Although preoperative CT or MRI imaging can provide excellent anatomical detail, which is important in virtual hepatic resection, performing liver surgery with intraoperative imaging guidance is nonetheless preferable, due to the deformation of the liver in patients in the operating room compared with preoperative imaging data [91] . IOUS or IOUS combined with preoperative imaging can be used to address this issue [92, 93] . The feasibility and usefulness of IOUS-guided resection in patients with hepatic tumors has been demonstrated in several studies [92, 94] . By offering multiplanar imaging and the simultaneous localization of ultrasound data and surgical instruments, the usage of threedimensional IOUS to guide hepatic resection has been reported to improve intraoperative orientation, allowing more accurate resection [92, 95] . Finally, the combination of preoperative CT or MRI and IOUS guidance can provide updated information about anatomical shifts during surgery, which may improve the precision and safety of the procedure [93] .
Conclusion
IOUS has clear strengths in the diagnosis and treatment of focal hepatic lesions compared to preoperative imaging modalities, due to its high spatial resolution and the fact that it offers real-time imaging. Although the role of IOUS in tumor detection has been reduced due to recent advances in preoperative imaging techniques, IOUS plays an increasingly important role in the intraoperative localization and characterization of lesions detected on preoperative imaging and in guiding diagnostic or therapeutic procedures. In addition, CE-IOUS may further help improve the detection and characterization of tiny hepatic lesions by providing high lesionto-liver contrast and dynamic contrast-enhanced images with or without Kupffer-phase imaging. Furthermore, IOUS-guided local tumor ablation has advantages over the percutaneous approach, because IOUS allows better lesion accessibility and can be combined with simultaneous hepatic resection. Emerging applications of IOUS currently include the evaluation of focal hepatic lesions through elastography and IOUS-guided hepatic resection. Understanding the current role of IOUS and applying it appropriately for diagnostic or therapeutic purposes in patients with focal hepatic lesions contributes to improved patient outcomes.
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